Ni and Se x-ray absorption spectroscopic studies of the [NiFeSeihydrogenases from Desulfovibrio baculatus are described. The Ni site geometry is pseudo-octahedral with a coordinating ligand composition of 3-4 (N,O) at 2.06 A, 1-2 (S,CI) at 2.17 A, and 1 Se at 2.44 A. The Se coordination environment consists of 1 C at 2.0 A and a heavy scatterer M (M = Ni or Fe) at -2.4 A. These results are interpreted in terms of a selenocysteine residue coordinated to the Ni site. The possible role of the Ni-Se site in the catalytic activation of H2 is discussed.
tion, H2 utilization, or the 2H2-H+ exchange assays (1) . In the past, it was generally accepted that a single hydrogenase carried out these simple redox reactions (1) , but in recent years the unveiling of the structural diversity of hydrogenases has promoted the idea that different hydrogenases may reflect differences in cellular localization and metabolic function (2) . This specificity suggests that structural differences are the basis for tailoring the hydrogenase reaction to meet metabolic demands. The elucidation of the structural details of the active sites of hydrogenases is the first step toward a molecular understanding of the mechanisms involved in the hydrogenase reaction.
In the genus Desulfovibrio, the metabolism of hydrogen involves at least three types of hydrogenases that may be distinguished by their heavy element composition, immunological reactivities, and gene structures (3) (4) (5) (6) . The [Fe] hydrogenases contain only iron-sulfur clusters (7) (8) (9) , the [NiFe]hydrogenases contain nickel and iron-sulfur clusters (10) (11) (12) (13) (14) (15) , and the [NiFeSe] hydrogenases contain iron-sulfur clusters and equimolar amounts of nickel and selenium (16, 17) . The three types ofhydrogenase as well as multiple forms ofa single type of hydrogenase can occur within a single bacterium (18) .
In Desulfovibrio baculatus, three [NiFeSeihydrogenases have been identified, based on their cellular locations: periplasmic, cytoplasmic, and membrane-bound. Electron paramagnetic resonance (EPR) studies indicate that these hydrogenases are spectroscopically distinct as isolated but under reducing conditions exhibit identical EPR signals (19) .
A considerable amount of circumstantial evidence indicates that nickel is involved in the activation of H2 by the Ni-containing hydrogenases; however, the [NiFe]-and [NiFeSe]hydrogenases differ in some of their catalytic activities (19, 20) and sensitivities to inhibitors. These observations suggested the possibility that one of the sulfur ligands to the active site nickel is replaced by a selenium ligand in the [NiFeSe]hydrogenase.
As part of our effort to elucidate the structures of the nickel sites in the Ni-containing hydrogenases, and to define a structural basis for the functional differences between the Seand the non-Se-containing hydrogenases (19, 20) , we report here the results of Ni and Se x-ray absorption spectroscopic measurements on the [NiFeSe]hydrogenases ofD. baculatus.
MATERIALS AND METHODS
Sample Preparation. The D. baculatus [NiFeSe]hydrogenase sample was prepared according to the procedure described in ref. 19 . To obtain a sample -2 mM Ni and Se, the periplasmic, cytoplasmic, and membrane-bound fractions were combined. Total iron was determined by the 2,4,6-tripyridyl-1,3,5-triazine method (21) , and metals were quantified by plasma emission spectroscopy using a Mark II Jarrell-Ash model 965 AtomComp (Fisher) . Nickel was also determined by atomic absorption spectroscopy. The sample for x-ray absorption spectroscopy (XAS) was placed in a Lucite/Mylar cell, -80 gl in volume, and stored in liquid nitrogen until the time of data collection. The Desulfovibrio gigas [NiFeihydrogenase sample preparation has been described (22 tTo whom reprint requests should be addressed.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. bient temperature. Protein XAS spectra were collected in fluorescence mode with a Stern-Heald-Lytle type fluorescence detector (32) purchased from the EXAFS Co., Seattle. Model compound spectra were collected in transmission mode using N2-filled ionization chambers. The model compound samples were prepared by diluting the finely ground powders approximately 1:3 with boron nitride to minimize the thickness effect (33) . In general, 3 scans were collected on model compound samples, 3-5 scans for protein edge region spectra, and 15-28 scans for protein extended x-ray absorption fine structure (EXAFS) spectra.
Data Reduction and Analysis. Data reduction and analysis were performed according to our published procedures (34) . For the curve-fitting analyses, the following theoretical expression for the EXAFS was used:
For each shell of scatters, s, Ns is the number of scatterers at an average distance Ras from the absorbing atom (Ni or Se).
0as is the root-mean-square deviation in Ras, which takes into account both static and thermal disorder. The simulated EXAFS (from Eq. 1) was adjusted to fit the observed EXAFS 
RESULTS
Ni Edges. The edge region of the Ni K edge x-ray absorption spectrum generally reveals considerable information about the electronic and molecular structure of the Ni site (41) . In Fig. 1 The signature for tetrahedral geometry is the presence of a weak but well-resolved ls -* 3d pre-edge transition at -8332 eV (Fig. 1, spectrum a) (41) . In the case of approximate square-planar symmetry, an intense pre-edge transition is observed at =8336 eV (spectrum e), ascribed to the ls -3 4pz
(or ls --4pz plus shakedown) transition (42) . In contrast to these readily observable transitions, octahedral geometry is characterized by a rather featureless pre-edge region (spectrum d). The edge spectrum of a pentacoordinate NiN4Br compound (spectrum b) has features of both tetrahedral and octahedral edges: a weak but well-resolved ls -+ 3d transition at -8332 eV (similar to but less intense than in the edge of the Se Edges. In contrast to the various pre-edge transitions of the Ni edge region, the edge region of the Se K edge x-ray absorption spectrum exhibits no pre-edge transitions (Se having a closed 3d shell electronic configuration). Fig. 2 shows the Se edge spectra of the [NiFeSe]hydrogenases and various Se compounds. Despite the lack of information available from any pre-edge transitions, one may make use of the sensitivity of the edge inflection point to the charge density of the absorbing atom. For example, a change in oxidation state or a change in the degree ofcovalent character in the metal-ligand bond may shift the edge energy.
The energy of the edge inflection point varies among the model compounds by '=3 eV, the highest energy inflection point occurring in the selenomethionine spectrum (Fig. 2 , spectrum b, dotted line). In selenomethionine, the Se atom is bound covalently to C atoms exclusively. In the other model compounds, Se is bound to higher Z elements and the corresponding edge spectra have inflection points at lower energies: selenocystine ( Table 1 ). Ns is the number of scatterers per nickel; Ras is the nickel-scatterer distance; oas is a root-mean-square deviation in Ras; AOr2 is Ot -a2 where the models for Ni-N, Ni-S, and Ni-Se were {Ni [2,2'-bis(2-imidazolyl)biphenyl]2}2+ at 4 K, [Ni(maleonitriledithiolate)2P at 4 K, and [Ni{Se2C2(CF3)2}2F-at 10 K, respectively. The k range ofthe fits was 4-12 A-'.f' is a goodness-of-fit statistic normalized to the overall magnitude of the k3x(k) data:
Numbers in parentheses were not varied during optimization. showing the filter (dotted line) of the first-shell FT peak. The solid lines in b and c are the first-shell filtered EXAFS data and the dashed lines are two curve-fitting simulations, using the structural parameters from fits 2A (b) and 2B (c) (see Table 2 ).
fits (1E, iF; Fig. 4c ), yielding a single Se scatterer at a Ni-Se distance of 2.44 A. Se EXAFS. Corroborative evidence for the proposed Ni-Se bond should be available from the Se EXAFS. The position, size, and width of the Se EXAFS FT peak in Fig. 5a suggest the presence of a heavy scatterer, and curve-fitting clearly demonstrates that one or two Se-C interactions alone cannot reproduce this EXAFS. Table 2 lists two plausible Se EXAFS simulations and the fits are displayed in Fig. 5 (19) , suggesting an effect of cysteine replacement by selenocysteine on the nickel electronic structure and, thus, the nickel hydride bond. Our Ni x-ray absorption edge Ns is the number of scatterers per selenium; R,,, is the selenium-scatterer distance; oTas is a root-mean-square deviation in Ras; Aoa2, is oj& --2 mod,, where the models for Se-C, Se-Fe, and Se-Ni were PhSeSePh at ambient temperature, Fe2Se2(CO)6 at ambient temperature, and [Ni{Se2C2(CF3),}2] at 10 K, respectively. The k range of the fits was 4-10 A-'
f' is described in Table 1 . Numbers in parentheses were not varied during optimization. 
